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1976.-An implantable electrode assembly consisting of collagen and metallic electrodes was constructed to measure simultaneously neural signals from the intact nerve and bioelectrical noises in awake animals.
Mechanical artifacts, due to bodily movement, were negligibly small. The impedance of the collagen electrodes, measured in awake cats 6-7 days after implantation surgery, ranged from 39.8-l 1.5 k[L at a frequency range of 20-5 kHz. Aortic nerve activity and renal nerve activity, measured in awake conditions using the collagen electrode, showed grouped activity synchronous with the cardiac cycle. Results indicate that most of the renal nerve activity was from postganglionic sympathetic fibers and was inhibited by the baroceptor reflex in the same cardiac cycle. implantable cowskin collagen electrode; aortic and renal nerve activity in awake cat; grouped activity synchronous with cardiac cycle; baroceptor reflex THE IMPLANTABLE ELECTRODE was developed to fill the need for continuous recording of neural signals from multifiber preparations in both anesthetized and unanesthetized animals. In most previous studies of neural signals controlling the cardiovascular system, conventional metallic electrodes were used in a liquid paraffin pool under anesthetized conditions (2, 3, 5). When various kinds of stimuli were applied during an experiment, continuous recording of neural signals was often interrupted by unsatisfactory connection between the nerve and electrodes with passive or spontaneous movement of the body. Moreover, neural signals were recorded from the cut end of the nerve fibers, placing the biological system in an open loop condition.
The implantable electrode is designed to record neural signals from the intact nerve which preserves a closed loop configuration.
Efferent neural signals have been recorded by metallic electrodes in unanesthetized conditions (1, 4, 6, 7) . In these studies, the influence of anesthesia on neural signals could be neglected, but technical difficulties existed in implanting the electrodes, and in eliminating signal artifacts and nerve fiber injury. In this study, to minimize noise and injury, a sheet of collagen fibers made from cowskin was placed between the nerve fibers and the metal of the recording electrode. PREPARATION 
AND FABRICATION OF ELECTRODE
The details of the size and configuration of the implantable electrode assembly are shown in Fig. 1 . A sheet of collagen fibers was made as follows: a raw cowskin (about 10 x 5 cm) was immersed in a saturated NaCl solution for a period of 10 days and in a solution of Ca(OH):! (450% of Ca(OH), per unit weight of a wet salted hide) for a period of 4 days. After removing the hair, the limed hide was immersed in boric acid (pH 9.0, temperature 30°C) for 2.5 days, and then tanning was performed sequentially in a tannic acid solution with a pH of 5.5, 5.0, 4.5, 4.0, and 3.5 for 2 days at each pH, respectively. Finally the collagen fibers washed by distilled water (pH 7.0) were exsiccated gradually and cut in a sheet of 1.5 x 1.0 x 0,3 mm under a dissecting microscope (Fig. lA>. One end of the collagen fiber sheet was connected to a silver wire (Tefloncoated, 9999 Ag, 0.005 ft in diameter), and a hole (0.1-0.3 mm in diameter) was made in the center of the collagen fiber sheet. As shown in Fig. lB , two collagen fiber sheets with attached wires were arranged in parallel configuration at a distance of 3 mm by inserting a stainless steel rod and were coated completely by silicone rubber. After the process cured for 1 day a slit was cut into the silicone rubber and collagen fiber sheets opposite the lead wires (SL in Fig. 1 , A and C), and then the stainless steel rod was removed through the slit for making a channel. The size of the channel for the nerve fibers ranged from 0.1 to 0.3 mm in diameter and from 6 to 8 mm in length. Clear silicone rubber was used for structural support and insulation so that the relative position of the nerve fibers in the channel of the electrodes could be seen at the time of implantation.
A pair of wires (Ag or Pt, Teflon-coated, 0.005 ft in diameter) was placed on the outside of the silicone rubber parallel to the sheet of recording electrodes and used as reference electrodes (RE in Fig. 1 , B and C) for monitoring bioelectrical noises around the nerve signals. The four lead wires (10 cm in length) from the recording and reference electrodes were covered by a silicone rubber tube (ID 0.5 mm) and were connected to a socket ( Fig. lC) , An implantable electrode assembly of small size and light weight with adequate electrical insulation is preferred. In this study, a size of 2 x 3 x 6 mm was usually selected for recording renal nerve activity (RNA) and aortic nerve activity (ANA) in unanesthetized cats.
MECHANICAL NOISE Mechanical noise of the electrode assembly was examined by measuring the induced potentials between two recording electrodes and between two reference electrodes. The implantable electrode was immersed in 0.9% NaCl solution for at least 24 h, and then displacement sine wave signals were applied. When the implantable electrode was moved sinusoidally with a displacement of I cm at various frequencies in 0.9% NaCl solution at 37.0°C, the induced potentials in the recording electrodes were 14 PV (peak to peak) at all frequencies tested. On the other hand, the induced potentials in the reference electrodes varied from 4,000, 2,600, 2,300, 1,670, 933 to 867 I_LV with Ag and from 800, 667, 600, 533, 467, to 400 PV with Pt at 0.15, 0.24, 0.42, 0.57, 0.80 and 1.00 Hz, respectively. Thus, the mechanical noise was much smaller in the collagen-covered recording electrodes as compared to conventional metallic electrodes. After implanting the electrode assembly in animals, and with passive movement in both anesthetized and unanesthetized conditions no fluctuation in the baseline of the neurogram was detected, while a significant change in potentials was induced in the reference electrodes.
ELECTRICAL PROPERTIES
Electrical properties of the recording electrodes were tested by measuring the impedance in NaCl solution and in vivo. For small voltage (of the order of 5 mV) applied to a pair of recording electrodes, the impedance varied dependent on the frequency, time after immersion, and concentration and temperature of the test solution.
In Fig. 2A , the impedance measured 4 days after immersion in 0.9% NaCl solution at 37°C is shown plotted against the frequency by the lower curve of open circles. The impedance decreased from 32 k(Z to 8.8 k0 as the frequency was increased from 20 Hz to 5 kHz. An inverse relationship between the frequency and the impedance was also observed at diff'erent days after immersion.
The effects of time on the impedance were measured over a period of 4 wk in 0.9% NaCl solution at 37°C. The relationship between time after immersion and the impedance obtained at a frequency of 1 kHz is shown in Fig.  2B by the lower curve of open circles. The impedance was 13.2 kit initially and decreased to 8.5 ki2 within 24 h after immersion.
After that it remained almost constant over a period of 4 wk (mean, 8.3 k0). Before implantation surgery, the electrodes were immersed for at least 24 h in 0.9% NaCl solution.
The influence of concentration and temperature of tissue fluid on the recording electrodes was expected and therefore was examined by measuring the impedance in NaCl solution. When the concentration of NaCl solution was changed suddenly to 0.45, 0.70, 1.40, or 1.80% from 0.90%, within 2 h the impedance also changed and its magnitude was dependent on the concentration.
In Fig. 2C the impedance measured at a frequency of 1 kHz was plotted against the concentration.
The NINOMIYA, YONEZAWA, AND WILSON impedance increased to 230% of the control value in 0.45% and decreased to 59% of the control value in 1.80%. Within the range of 30-46OC of 0.9% NaCl solution, for a given frequency of 1 kHz, the impedance decreased from 9.5 kfl to 8.0 kfl as the temperature was increased from 30 to 46°C (Fig. 2D) . After implantation surgery, if the concentration and temperature of tissue fluids varied significantly in awake cats, change in impedance of the recording electrodes could not be neglected.
IMPLANTATION OF ELECTRODE
Under sodium pentobarbital anesthesia (35 mg/kg, ip), a bundle of nerve fibers from either the renal or aortic nerve (1.2-2.0 cm in length) was isolated from the surrounding connective tissue and the nerve bundle (about 1 cm in length) was desheathed carefully at the site of electrode implantation. After the nerve bundle was placed in the channel through the slit of the electrode assembly (Fig. lC) , the slit was closed completely by suture (S). Then the electrode assembly was sutured on the surrounding connective tissue. The lead wires from the electrodes were brought out to the body surface and the socket was firmly at.tached to the skin of the back. Connections between this socket and the recording apparatus were made by lightweight cable. In three cats, the impedance of the recording electrode was measured over a period of 1 wk following operation while recording the neural signals. Relationship between the frequency and the impedance obtained 4 days after operation is shown in Fig. 2A by the upper curve of solid circles. The impedance was higher at all frequencies tested, in particular at high frequency range, as compared to that obtained in 0.9% NaCl solution. The effects of time on the impedance is shown in Fig. 2B by the upper curve of solid circles. The impedance was 12.9 ka at a frequency of 1 kHz on the day of operation, but it increased after operation and reached a maximum value (mean, 21.3 ka) on the 3rd postoperative day. Mean values measured from three cats are summarized in Table 1 . The increase in impedance may be caused partly by a decrease in concentration of fluids in the collagen fi'ber sheet. In addition, scar formation between the nerve fibers and recording electrodes may increase the impedance. To minimize the influence of electrode impedance a preamplifier (band pass, 50-2 kHz) with an input impedance of 5 lYKZ was employed. The method of analysis of the neural signal has been described previously 6). 
APPLICATION
Using the implantable electrodes, complex action potentials were recorded from the aortic nerve in 6 of 7 cats and from the renal nerve in 10 of 12 cats. As shown in Fig. 3~4 , in the anesthetized condition the original neurograms were recorded simultaneously from the peripheral cut end of the aortic nerve using the conventional metallic electrode in a paraffin pool and from the intact portion of the same nerve using the collagen-covered recording electrode. In three cats tested, the amplitude of the original neurograms was smaller in the collagen-covered recording electrode than in the conventional metallic electrode.
However, the discharge patterns of the original neurograms resembled each other. In the awake condition, using the implantable cowskin collagen electrode, it is possible to record the neural signals continuously from the intact nerve. In Fig. 3I3 , although the electromyogram (EMG) was observed in the electrocardiogram (ECG) tracing, neither the EMG nor the ECG was detected in the neurogram.
Since skeletal muscle potentials during spontaneous movement may cause interpretation difflculties (6, 7), in this study the EMG around the implantable electrode was monitored during experiments. By comparing the EMG in the reference electrodes and the neural signals in the recording electrodes, if the time courses of EMG and neural signals resemble each other under spontaneous exercise, it can be assummed that the neural signals are marked by the EMG. The aortic and renal nerve activity were recorded simultaneously under closed baroceptor loop conditions using the implantable electrode (Fig. 3C) . The shape and magnitude of spikes differed between nerves. The peak-to-peak amplitude of the spikes ranged from 5 to 100 pV, mostly 10 to 20 pV, while the peak-to-peak amplitude of the noise signal in the recording system including the implantable electrode was approximately 5 PV at rest in the awake condition and under anesthesia.
In many cats, the signal-to-noise ratio tends to decrease in the awake condition, because of the decrease in amplitude of the neurogram and/or the increase of the noise signals due to the EMG. However, the signal-to-noise ratio was larger in the collagen-covered electrodes than in the metallic electrodes, since the mechanical artifacts were negligibly small.
In the awake conditions grouped discharges synchronous with the cardiac cycle were observed in all renal nerves examined. To enhance the signal-to-noise ratio and to reduce the cycle variation of the grouping, the integrated neural signals were averaged over 50 cardiac cycles using the R spike of the EGG as a trigger signal. Examples of the averaged renal nerve activities (RNA) synchronous with the cardiac cycle are shown in Fig. 4 and tonic RNA were inhibited by an increase in baroceptor inputs. In B2, with administration of hexamethonium bromide, i.e., ganglion blockade, (1 mg/kg, iv), the major portion of RNA was inhibited.
days following operation, the averaged renal nerve activity was sampled randomly at 237 periods. In 144 of 237 averaged data obtained from eight cats, the grouped activity synchronous with the cardiac cycle was clearly detected in the renal nerve activity. Both the grouped and tonic activity in the renal nerve were inhibited by the administration of norepinephrine (Fig. 4, AZ) or by the injection of hexamethonium bromide (Fig. 4, B-2) . Similar results were obtained in the other three thetic fibers and was inhibited reflexly by baroceptor inputs in the same cardiac cycle.
